Type 1 diabetes is a chronic autoimmune disease caused by the selective destruction of pancreatic insulin-producing β-cells ([@B1]). Autoimmunity commonly occurs when central and/or peripheral tolerance barriers are broken down, allowing the activation of self-reactive T cells ([@B2]), which are clearly pivotal for type 1 diabetes development ([@B3]). Animal models of diabetes, such as NOD mice, have indicated that Th1 cells that secrete interferon-γ (INF-γ) are key in the destruction of β-cells as activators of CD8^+^ T cells ([@B4]). More recently, Th17 immunity has also been implicated in type 1 diabetes, as supported by the observation that interleukin-17 (IL-17) is expressed in the pancreas of NOD mice, and that inhibition of IL-17 leads to delayed diabetes onset ([@B5],[@B6]). In humans, Th17 cells are defined as CD4^+^ T cells that produce IL-17 and are characterized by the expression of a unique pattern of surface receptors, including CCR4, CCR6, and CD161 ([@B7]). Th17 immunity is increased in the blood of patients with type 1 diabetes compared with healthy subjects ([@B8],[@B9]), but how these findings are relevant to the organ targeted by autoimmune diabetes is still unknown.

Self-reactive T cells in healthy individuals are controlled by peripheral tolerance mechanisms, in which natural T regulatory cells (Tregs) have emerged as primary mediators ([@B10],[@B11]). Natural Tregs are characterized by the high expression of the IL-2Rα chain (CD25) and the transcription factor forkhead box P3 (FOXP3) ([@B12]). Importantly, CD25 and FOXP3 are also upregulated in human activated non-Tregs, and their expression can easily be altered by inflammation and/or drug administration ([@B13]). We found that natural Tregs differ from other T-cell populations in their DNA methylation status of a defined region within the *FOXP3* locus, termed the Treg-specific demethylated region (TSDR); demethylation of this region is observed exclusively in natural Tregs, but not in activated FOXP3^+^ non-Tregs or in TGF-β--induced Tregs ([@B14]--[@B16]). The TSDR is currently considered a reliable marker for bona fide Tregs ([@B17]). However, it is still uncertain whether T cells completely demethylated at the *FOXP3* locus automatically possess a functional regulatory activity.

Recent studies have shown that Tregs in the pancreas of diabetic NOD mice express low levels of CD25 owing to diminished levels of IL-2, which is a critical factor for Treg cell growth ([@B18]). These tissue-infiltrating Tregs are prone to apoptosis and thus fail to control autoimmune responses that lead to diabetes ([@B18]). In addition, lymphopenic and inflammatory environments can both lead to loss of FOXP3 expression in murine Tregs ([@B19]--[@B21]). In humans, the data are less comprehensive, and to our knowledge, all of the studies performed so far on Tregs in type 1 diabetes have been conducted on peripheral blood (PB). They demonstrate that the frequency of peripheral Tregs is not altered but that they may have an increased sensitivity to apoptosis ([@B22]). Their in vitro suppressive function is slightly reduced in some experimental settings ([@B23]--[@B26]), but not in others ([@B27],[@B28]). In addition, recent data suggest that effector T cells in patients with diabetes are refractory to inhibition by Tregs ([@B29],[@B30]) and that aberrant IL-2 signaling in CD4^+^ T cells contributes to reduced FOXP3 expression ([@B31]). Overall, these data corroborate the idea that a defect in Tregs in diabetes may contribute to the loss of self-tolerance, but we do not yet have solid evidence to support this hypothesis.

Self-reactive T cells and Tregs in patients should preferably be considered and assessed in the context of the organ targeted by the autoimmune process rather than in the circulation. We initiated the current study to investigate effector T cells and Tregs in the pancreatic-draining lymph nodes (PLNs) of patients affected by type 1 diabetes compared with those circulating in their PB.

RESEARCH DESIGN AND METHODS {#s5}
===========================

Donors and sample collection. {#s6}
-----------------------------

PB was collected before transplantation from patients with type 1 diabetes undergoing pancreas or pancreas/kidney transplant at San Raffaele Hospital. These patients donated one PLN, which was collected during the surgical procedure using scissors ([Supplementary Fig. 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0090/-/DC1)). Five to 10 PLNs were also collected from the pancreata of nondiabetic brain-dead multiorgan donors received at the Islet Isolation Facility of San Raffaele Hospital. Spleens of six nondiabetic donors were also received and were used to generate dendritic cells (DC) for the antigen-specific assays. Finally, PB was collected from healthy individuals. All studies were approved by the local ethics committee (protocols: HSR-TIGET 004, TIGET PERIBLOOD). Diabetic patients and healthy control subjects provided written informed consent before any study procedure.

Cell isolation. {#s7}
---------------

Lymphocytes were extracted from PLNs by mechanical dissociation. PB mononuclear cells were isolated by density-gradient centrifugation on Lymphoprep (Axis-Shield, Oslo, Norway) as previously described ([@B32]).

Phenotype analysis. {#s8}
-------------------

The phenotype analysis was performed by flow cytometry on freshly isolated lymphocytes. The intracytoplasmic staining was performed upon 12-*O*-tetradecanoylphorbol-13-acetate/ionomycin activation for 5 h in the presence of GolgiStop (BD Biosciences, San Jose, CA), followed by permeabilization with saponin (Sigma, St. Louis, MO). All monoclonal antibodies (mAbs) were obtained from BD Pharmingen (San Jose, CA). Samples were acquired using the BD FACSCanto II (Becton Dickinson, San Jose, CA).

Analysis of the methylation status of the FOXP3 TSDR. {#s9}
-----------------------------------------------------

The assay was performed by Epiontis, as described before ([@B16]).

Functional assays. {#s10}
------------------

To perform the polyclonal-suppressive assay, part of the PLN was sorted by flow cytometry ([Supplementary Fig. 2](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0090/-/DC1)). The remaining unfractionated PLN cells were stained with carboxy fluorescein succinimidyl ester (CFSE; Molecular Probes, Eugene, OR) ([@B33]) and cultured in 96-well plates (21.000 cells/well) in X-vivo 15 medium and 5% pooled AB human serum (Lonza, Basel, Switzerland). Cells were stimulated with anti-CD3, anti-CD2, and anti-CD28--coated beads (Treg Inspector, Miltenyi Biotech, Bergisch Gladbach, Germany), at a ratio of three beads per cell. Sorted CD4^+^CD25^bright^ T cells (hereafter referred to as CD25^bright^) were added at a ratio of one to three responder PLN cells. To perform antigen-specific proliferation and suppression, we followed our previously published protocol ([@B11]). On day 6 after activation, 100 μL of supernatant was collected for cytokine analysis by the Luminex bead system (Bioplex, Bio-Rad, Hercules, CA). All of the cells were harvested, stained with anti-CD3 APC mAb (Becton Dickinson) and 7-aminoactinomycin D (BD Biosciences) to exclude dead cells, and analyzed by flow cytometry. The performance of this antigen-specific proliferation test was assessed by using total PB mononuclear cells isolated from healthy subjects. An average of 8% of CD3^+^ T cells proliferated in response to proinsulin (*n* = 2), proving the goodness of our assay (data not shown).

RT-PCR. {#s11}
-------

Total RNA was extracted from 5,000 cells with the RNeasy kit (Qiagen, Valencia, CA), and cDNA was synthesized using the High-Capacity cDNA Archive kit (Applied Biosystems, Foster City, CA). A preamplification step (Assay on Demand, Applied Biosystems) was performed using Taqman PreAmp Master Mix (Applied Biosystems). Levels of human hypoxanthine phosphoribosyltransferase and mRNAs were determined using Assay on Demand, TaqMan Universal PCR Master Mix, and ABI PRISM 7700 Sequencer detector (Applied Biosystems).

Statistical analysis. {#s12}
---------------------

Comparisons between groups were performed using the unpaired, two-tailed Student *t* test or the Mann-Whitney *U* test. For the analysis of paired samples in the suppression assay, the Wilcoxon test was applied. The linear regression was used to determine the correlation between variables. For all analyses, a two-tailed *P* value ≤ 0.05 was considered significant. Statistical analyses were performed using Stata 10.1 software (Stata Corp., College Station, TX).

RESULTS {#s13}
=======

Th17 cells are expanded in the PLNs of type 1 diabetic patients. {#s14}
----------------------------------------------------------------

PLNs were obtained from 19 subjects with long-term type 1 diabetes and from 63 nondiabetic brain-dead multiorgan donors. PB was also collected from 14 type 1 diabetic patients who each donated a PLN, from 4 type 1 diabetic subjects who did not donate the PLN, and from 11 healthy control subjects. Donor characteristics are summarized in [Table 1](#T1){ref-type="table"}, and detailed information on each diabetic patient is given in [Supplementary Table 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0090/-/DC1).

###### 

Characteristics of type 1 diabetic patients and nondiabetic donors

                                    Donor group and sample                                                                                      
  --------------------------------- ------------------------ ------------- ---------------------------------------- ------------- ------------- ---------------------------------------
  Age, years                        41 (24--56)              49 (11--66)   0.0015[\*](#t1n1){ref-type="table-fn"}   40 (30--56)   34 (27--39)   0.0196[†](#t1n2){ref-type="table-fn"}
  Men                               13 (68)                  33 (52)       NS                                       12 (67)       4 (36)        NS[‡](#t1n3){ref-type="table-fn"}
  Type 1 diabetes duration, years   27 (7--44)               NA                                                     26 (7--44)    NA            
  EIR, unit/day                     36 (11--52)              NA                                                     36 (12--68)   NA            
  Intensive care unit stay, days    NA                       4 (1--27)                                              NA            NA            

Continuous data are expressed as mean (range), and categoric data as *n* (%). EIR, exogenous insulin requirements; HC, healthy control subjects; NA, not applicable; ND, nondiabetic donors; T1D, type 1 diabetic patients.

\*Mann-Whitney--Wilcoxon test.

†*t* Test with unequal variances, χ^2^ test.

‡Fisher exact *t* test.

The percentages of total CD3^+^ T cells and of CD3^+^CD4^+^ T cells were similar in diabetic patients and nondiabetic donors in the PLNs and PB ([Fig. 1*A*](#F1){ref-type="fig"}). Conversely, the frequency of CD3^+^CD8^+^ T cells was higher in the PLNs of diabetic patients ([Fig. 1*A*](#F1){ref-type="fig"}), and this led to a lower CD4/CD8 T-cell ratio in diabetic donors compared with nondiabetic subjects ([Supplementary Table 2](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0090/-/DC1)). The antigen-experienced T cells, defined by the expression of CD45RO, were enriched within the lymph node and circulating CD4^+^ T cells, but not within the CD8^+^ T cells, of diabetic subjects ([Fig. 1*B*](#F1){ref-type="fig"}). The expansion of CD4^+^CD45RO^+^ T cells observed in diabetic patients was independent of donor age (data not shown).

![Frequency of T-cell subsets. The PLNs and PB isolated from diabetic (T1D) and nondiabetic donors (ND) had comparable percentages of isolated live cells (all \>90%), and the PB contained similar cell numbers in the two donor groups (data not shown). The number of cells within the PLN was difficult to compare due to the manual isolation of the lymphocytes and the variability in the size of the PLNs. *A*: Box plots represent percentages of CD3^+^ T cells, CD3^+^CD4^+^ T cells, and CD3^+^CD8^+^ T cells all within CD45^+^ cells determined by flow cytometry--based analysis. The number of donors in each group is as follows: T1D PLN, *n* = 18; ND PLN, *n* = 58; T1D PB, *n* = 16; and healthy control subjects (HC) PB, *n* = 10. The horizontal line in the middle of each box indicates the median; the top and bottom borders of the box mark the 75th and 25th percentiles, respectively; and the whiskers mark the minimum and maximum. One representative dot plot of CD4 and CD8 cells (within CD45^+^ cells) with relative percentages is shown. *B*: Box plots represent the frequency of CD45RO^+^ T cells within CD4^+^ and CD8^+^ T cells determined by flow cytometry--based analysis. The number of donors in each group is as follows: T1D PLN, *n* = 13; ND PLN, *n* = 37; T1D PB, *n* = 14; and HC PB, *n* = 10. One representative dot plot of CD45RO/CD45RA (within CD4^+^ and CD8^+^ T cells) with relative percentages is shown. *C*: The frequency of Th1 cells was measured by flow cytometry (*left*), and by IFN-γ^+^--producing CD4^+^ T cells (*right*). One representative dot plot of IFN-γ^+^ cells (within CD4^+^ T cells) with relative percentages is shown. *D*: The frequency of Th17 cells was measured by surface phenotype (*left*) and by IL-17--producing CD4^+^ T cells (*right*). One representative dot plot of IL-17^+^ cells (within CD4^+^ T cells) with relative percentages is shown. *E*: The IL-17 (*left*) and IFN-γ (*right*) produced by total PLN in response to proinsulin and GAD65 were tested. Dotted lines indicate the detection level of the assay. Each symbol identifies a patient (as described in [Supplementary Table 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0090/-/DC1)), and lines indicate median values. The Mann-Whitney--Wilcoxon test and the *t* test with unequal variances were used for group comparisons.](2903fig1){#F1}

To determine the frequency of the various T-helper cell subsets within the antigen-experienced CD4^+^ T cells, we tested the frequency of Th1 and Th17 cells by the expression of specific chemokine-receptors by CD4^+^CD45RO^+^ T cells (i.e., CCR5^+^CCR6^+^ and CCR4^+^CCR6^+^CD161^+^, respectively) ([@B34],[@B35]) ([Supplementary Fig. 3](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0090/-/DC1)), and by cytokine-release (i.e., IFN-γ and IL-17, respectively) upon polyclonal activation of CD4^+^ T cells. Th1 cells were expanded only in the PLNs of diabetic donors, as determined by chemokine-receptor expression but not by IFN-γ release. However, Th1 cells in the PB of diabetic patients were slightly increased compared with those of healthy control subjects, as determined by IFN-γ production but not by chemokine receptor expression ([Fig. 1*C*](#F1){ref-type="fig"}). Th2 cells were equally present in all tissues and donors analyzed (data not shown). Th17 cells were significantly expanded only in the PLNs of diabetic patients ([Fig. 1*D*](#F1){ref-type="fig"}). In addition, IL-17 was produced by the PLNs of diabetic donors upon diabetes-related antigen-specific activation (i.e., proinsulin and GAD65), whereas the same IL-17 was never released by the PLNs of nondiabetic subjects. IFN-γ was secreted at similar levels upon diabetes-related antigen-specific activation of the PLNs isolated from diabetic and nondiabetic individuals ([Fig. 1*E*](#F1){ref-type="fig"}). The results obtained with the few PLNs of diabetic patients that we could test have thus far eluded attempts to establish any correlation between anti-GAD65 autoAb (reported in the [Supplementary Table 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0090/-/DC1)) and in vitro reactivity to GAD65. These data show that Th17 immunity is enhanced in the PLNs isolated from long-term diabetic patients but not in their PB.

FOXP3-expressing CD4^+^ T cells are reduced, whereas epigenetically imprinted Tregs are similar in the PLNs of diabetic patients compared with those of nondiabetic donors. {#s15}
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The frequency of Tregs was first determined by flow cytometry through analysis of CD25^bright^ within the CD45^+^ cells, of FOXP3^+^CD127^−^ within the CD25^bright^ T cells, and of CD25^bright^ FOXP3^+^CD127^−^ within the CD45^+^ cells. All three analyses revealed a significant Treg reduction only in the PLNs of patients with type 1 diabetes and not, as already largely demonstrated by us and others ([@B23],[@B24],[@B26]--[@B28]), in their PB ([Fig. 2*A*](#F2){ref-type="fig"}). The amount of FOXP3 assessed by median fluorescence intensity (MFI) expressed in CD4^+^ T cells and in CD25^bright^ T cells was similar within the PLNs of diabetic and nondiabetic donors ([Supplementary Table 3](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0090/-/DC1)). Because CD25 and FOXP3 are markers that can be altered by the environment ([@B13]), we performed the Treg-specific demethylated region (TSDR) assay on the total cells isolated from the PLNs and PB. Unlike the phenotype analysis, this readout identifies epigenetically imprinted Tregs ([@B14]--[@B16]) and demonstrated that the Treg frequency was similar among diabetic and nondiabetic donors, both in the PLNs and PB ([Fig. 2*B*](#F2){ref-type="fig"}). Thus, the frequency of T cells epigenetically marked to be Tregs is similar in the PLNs and PB of diabetic and nondiabetic individuals, whereas the frequency of T cells that express the FOXP3 protein is reduced only in the target organ of diabetic patients.

![Frequency of Tregs. *A*: The frequency of CD25^bright^ T cells within CD45^+^ cells (*upper*), of FOXP3^+^CD127^−^ cells within CD25^bright^ T cells (*middle*), and of CD25^bright^FOXP3^+^CD127^−^ T cells within CD45^+^ cells (*lower*) were determined by flow cytometry. One representative dot plot for each staining is shown on the *right*. *B*: The frequency of Tregs was determined by TSDR analysis within total PLNs and PB. *C*: The frequency of Tregs, determined by FACS as CD4^+^FOXP3^+^ cells and by the TSDR assay, within total PB (*left*) and total PLN (*right*) of type 1 diabetic (T1D) patients, healthy control subjects (HC), and nondiabetic donors (ND) is shown. Each symbol identifies a patient (as described in [Supplementary Table 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0090/-/DC1)), and lines indicate median values. The Mann-Whitney--Wilcoxon test and the *t* test with unequal variances were used for group comparisons.](2903fig2){#F2}

The TSDR is an exclusive marker for thymic-derived FOXP3^+^ Tregs, and pervious work has demonstrated that it correlates well with flow cytometry data in determining the Treg frequency in the PB of healthy donors ([@B16]). We confirmed the presence of this correlation in the PB of diabetic patients and healthy control subjects. Unexpectedly, the Treg frequency in the PLNs of diabetic and nondiabetic donors, as detected by TSDR, was higher than that detected by fluorescence-activated cell sorter (FACS) ([Fig. 2*C*](#F2){ref-type="fig"}). Thus, some of the cells epigenetically imprinted to be FOXP3^+^ Tregs lose their FOXP3 expression within the PLN, independently of the disease presence.

Tregs isolated from type 1 diabetic patients lose their suppressive ability once they reside in the PLN. {#s16}
--------------------------------------------------------------------------------------------------------

The most efficient way to isolate viable and pure human Tregs devoid of contaminating effector T cells remains the flow cytometry--based cell sorting. Thus, functional experiments were performed in this study by using FACS to isolate Tregs, and this led to a highly purified population of Tregs ([Supplementary Fig. 2](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0090/-/DC1)). The limited CD25^bright^ T cells that could be sorted from PLNs of diabetic subjects forced us to perform the in vitro functional assay with a low number of Tregs (i.e., 7,000 cells) in the presence of responder PLN cells that were three times higher. At this Treg/responder cell ratio, the CD25^bright^ T cells isolated from nondiabetic subjects had an average suppressive function of 30%, which is consistent with published data ([@B36],[@B37]). In addition, the same cells had an average suppressive activity of 80% when the assay was performed at the commonly used 1:1 ratio, confirming the solidity of our assay ([Fig. 3*A*](#F3){ref-type="fig"}). CD25^bright^ T cells isolated from PLNs of three diabetic patients did not inhibit proliferation of polyclonally activated autologous PLN T cells, but rather, they had a helper function because their presence in the culture led to increased proliferation of the responder T cells. The CD25^bright^ T cells purified from the PLNs of a further three diabetic patients had a reduced suppressive activity that fell into the low range of those isolated from nondiabetic donors ([Fig. 3*A*](#F3){ref-type="fig"}). The statistical analysis performed on all the samples tested showed that Tregs isolated from the PLNs of diabetic patients have an impaired suppressive capability compared with those of nondiabetic donors (*P* = 0.0066).

![Suppression of polyclonally activated PLN T cells by CD25^bright^ T cells. *A*: The inhibition of proliferation of PLN responder T cells by autologous CD25^bright^--sorted T cells at the indicated ratios (3:1 and 1:1) was tested. A negative percentage of inhibition of T-cell proliferation indicates that the presence of Tregs in the culture led to improved proliferation. The Mann-Whitney *U* test was used for group comparison, and *P* ≤ 0.05 was considered significant. *B*: T-cell proliferation after 6 days of culture. *C*: The inhibition of proliferation of responder PLN T cells of diabetic (T1D) patients by CD25^bright^ T cells sorted from autologous PLNs or allogeneic PLNs of nondiabetic donors (ND) was tested. The dotted lines link experiments in which the same responder T cells were used. *D*: The inhibition of proliferation of responder PLN T cells of diabetic patients by CD25^bright^ T cells sorted from autologous PLN, autologous PB, or allogeneic PB of healthy control subjects (HC) was tested. The same symbol corresponds to the same diabetic patient. The Wilcoxon test was used for comparison of data shown in *C* and *D*, and *P* ≤ 0.05 was considered significant. Each dot represents one donor, and lines indicate median values. In *A*, *C*, and *D*, one representative histogram for each responder/CD25^bright^ T-cell pairs with relative percentage of suppression is shown on the *right*. Dotted black lines represent responder PLN cells activated in the absence of CD25^bright^ T cells, and solid gray lines represent responder PLN cells activated in the presence of sorted CD25^bright^ T cells.](2903fig3){#F3}

This different behavior of the CD25^bright^ T cells isolated from PLNs of diabetic and nondiabetic individuals was not due to different levels of T-cell proliferation ([Fig. 3*B*](#F3){ref-type="fig"}) or proinflammatory cytokine (i.e., TNF-α) production ([Supplementary Fig. 4](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0090/-/DC1)) by the responder PLN cells between the two groups. In addition, responder PLN T cells of patients with type 1 diabetes were not refractory to CD25^bright^ T-cell--mediated suppression because their proliferation was well inhibited by CD25^bright^ T cells isolated from allogeneic PLNs of nondiabetic donors ([Fig. 3*C*](#F3){ref-type="fig"}). There was also no defect in the frequency of IL-2--producing PLN T cells among diabetic patients after 5 h of in vitro stimulation, but rather, it appeared to be higher in diabetic compared with nondiabetic donors ([Supplementary Fig. 5](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0090/-/DC1)). Thus, an IL-2--dependent Treg defect in the PLNs of diabetic subjects is unlikely to be present, although a specific IL-2--signaling deficiency ([@B31]) cannot at this moment be ruled out.

To determine whether the Treg-defective suppressive activity observed in the PLNs of type 1 diabetic patients was lineage- or tissue-specific, Tregs were isolated from the PB of some of the above-tested diabetic patients, and their ability to suppress proliferation of autologous PLN T cells was investigated. Peripheral Tregs, contrary to their PLN counterpart, exerted a suppressive function as efficient as that of peripheral Tregs isolated from allogeneic healthy control subjects ([Fig. 3*D*](#F3){ref-type="fig"}). These data did not reach a statistically significant difference, probably because of the limited number of samples that we could test. However, the data all show the same trend; Tregs purified from three patients with long-lasting diabetes retain a suppressive function when circulating in the periphery but lose their regulatory activity once they reside within the site of autoinflammatory drainage.

We then tested the ability of the CD25^bright^ T cells to inhibit diabetes-related antigen-specific T-cell proliferation, maintaining the physiologic CD25^bright^/responder cell ratio present within the PLN, which was estimated to be ∼1/50. To accomplish this, we compared the frequency of T cells proliferating in response to proinsulin within the lymph nodes depleted of CD25^bright^ T cells by flow cytometry (as shown in [Supplementary Fig. 2](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0090/-/DC1)) with that within the total PLN. The CD25^bright^ T cells present in the PLNs of diabetic patients did not inhibit proinsulin-specific T-cell proliferation but, rather, had a helper activity. By contrast, CD25^bright^ T cells present in the PLNs of nondiabetic subjects exerted an average suppressive function of 38% in response to proinsulin in inhibition of T-cell proliferation and IFN-γ production, and this is in line with the low Treg/responder cell ratio ([Fig. 4*A*](#F4){ref-type="fig"}). Moreover, we found that CD25^bright^ T cells from PLNs of patients with diabetes did not inhibit proinsulin-specific IFN-γ production, contrary to those isolated from nondiabetic subjects. Removal of CD25^bright^ T cells from PLNs of patients with diabetes led to a dramatic fall in IFN-γ release ([Fig. 4*B*](#F4){ref-type="fig"}). Thus, depletion of Tregs in the PLNs of diabetic patients leads to a reduced proinsulin-specific cell response rather than to an increased one (as observed in the PLNs of nondiabetic donors). These data further strengthen those shown in the polyclonal suppressive assays and demonstrate that Tregs isolated from the PLNs of diabetic donors have a defective suppressive activity and also acquire a helper phenotype.

![Suppression of proinsulin-activated PLN T cells by CD25^bright^ T cells. CD14^+^ cells isolated from the spleen of nondiabetic donors (ND) or PB of diabetic (T1D) patients were cultured for 7 days with 10 ng/mL IL-4 (R&D Systems, Minneapolis, MN) and 50 ng/mL granulocyte microphage colony-stimulating factor (R&D Systems) to generate DCs. On day 6, DCs were incubated for 6 h with 10 μg of rhu-proinsulin or rhu-GAD65 or left unpulsed and then activated with 100 units/mL of IFN-γ and 10 ng/mL of lipopolysaccharide overnight. On day 7, PLNs depleted of CD25^bright^ T cells were stained with CFSE and cultured with autologous DC unloaded or loaded with antigen at a ratio of 1:40 (DC/PLN). PLN ΔTregs, lymph-node cells depleted of CD25^bright^ T cells by flow cytometry--based sorting. *A*: The percentages of CD3^+^ T-cell proliferation in response to proinsulin upon culture of CD25^bright^ T-cell--depleted PLN and total PLN are shown (*left*). The same data are presented to illustrate inhibition of T-cell proliferation in response to proinsulin by CD25^bright^ T cells (*middle*). Representative dot plots of CD25^bright^ T-cell--depleted PLN and total PLN proliferating in response to proinsulin are shown (*right*). In the dot plots, proliferating T cells are gated on CD3^+^ T cells and percentages of proinsulin-specific T cells are indicated without background subtraction. SSC, side scatter. *B*: The IFN-γ produced by CD25^bright^ T-cell--depleted PLN and that produced by total PLN in response to proinsulin was tested (*left*). The same data are presented to show inhibition of IFN-γ-production in response to proinsulin by CD25^bright^ T cells (*right*). The bracket highlights the "low-responder" nondiabetic donors. PLN cell proliferation observed in the presence of proinsulin-loaded DC was measured upon subtraction of PLN cell proliferation observed in the presence of unloaded control DC.](2903fig4){#F4}

Our data seem to suggest that total PLNs of nondiabetic donors respond better to proinsulin in vitro than those of type 1 diabetic donors. However, the PLNs of the three type 1 diabetic donors tested responded to proinsulin at levels similar to those of the "low-range" nondiabetic donors in cell proliferation and IFN-γ production. Thus far, we cannot conclude that the PLNs of nondiabetic donors respond better to proinsulin than those of diabetic patients because of the low number of patients tested.

CD25^bright^ T cells isolated from PLNs of diabetic patients are not contaminated by effector T cells. {#s17}
------------------------------------------------------------------------------------------------------

Overall, the just-mentioned functional assays posed the question of whether the CD25^bright^ T cells isolated from PLNs of diabetic patients were contaminated by activated cytokine-producing effector T cells. We exclude such a possibility because the CD25^bright^ T cells sorted from PLNs of diabetic and nondiabetic donors contained the same amount of *FOXP3* mRNA ([Fig. 5*A*](#F5){ref-type="fig"}) and expressed the same low transcript levels of the master regulators of Th1 (T-box expressed in T cells \[T-bet\]), Th2 (GATA-binding protein 3 \[GATA3\]), and Th17 cells (retinoic acid--related orphan receptor C \[RORC\]) and of IL-2 and IFN-γ ([Fig. 5*B*](#F5){ref-type="fig"}). Most importantly, the sorted CD25^bright^ T cells were all demethylated at the *FOXP3* locus, proving their epigenetic Treg imprinting ([Fig. 5*C*](#F5){ref-type="fig"}). These data demonstrate that the sorted CD25^bright^ T cells within the PLNs of diabetic patients do not contain effector T cells, and despite being epigenetically determined to be Tregs, they do not exert consistent in vitro regulatory function.

![Purity of the flow cytometry--based sorted CD25^bright^ T cells tested in the functional assays. *A*and*B*: The amount of transcript expression (relative to an internal control) of the indicated genes in the sorted CD25^bright^ T cells was assessed by RT-PCR. Relative expression of the mRNA of interest was determined by normalizing to hypoxanthine phosphoribosyltransferase expression and calculating the fold-change vs. the expression values measured in total PBMC isolated from normal donors. *C*: The frequency of Tregs within the sorted CD25^bright^ T cells was measured by the TSDR assay. Each symbol identifies a patient (as described in [Supplementary Table 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0090/-/DC1)), and lines indicate median values. ND, nondiabetic donors.](2903fig5){#F5}

Altered tissue-specific immune status in diabetic patients. {#s18}
-----------------------------------------------------------

The Treg/Th17 cell balance could be key in controlling autoimmune diseases, type 1 diabetes included ([@B38],[@B39]). Our data show that the PLNs of diabetic patients are enriched in Th17 cells while having similar numbers of bona fide epigenetically imprinted Tregs. To determine whether there is a compensatory mechanism by which Tregs expand in those patients in which Th17 cells are more frequent, we measured the Treg/Th17 cell ratio as determined by TSRD analysis and chemokine receptor expression, respectively. The Treg/Th17 cell ratio was about four to five times lower in the PLNs of diabetic patients compared with nondiabetic donors, but was not different in the PB. Such an inverse correlation was not found between Tregs and Th1 cells ([Fig. 6*A*](#F6){ref-type="fig"}). Thus, the immune balance is shifted toward a Th17-proinflammatory environment only in the target organ of long-lasting diabetic patients and not in their PB.

![Immune status in the PLN and PB of diabetic patients. *A*: Treg/Th17 and Treg/Th1 cell ratio was determined by TSRD and chemokine-receptor expression in the indicated donors and samples. HC, healthy control subjects; ND, nondiabetic donors; T1D, type 1 diabetic patients. Each symbol identifies a patient (as described in [Supplementary Table 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0090/-/DC1)), and the Mann-Whitney--Wilcoxon test was used for group comparisons. *B*: Correlation between the frequency of IL-17-producing CD4^+^ T cells and the suppressive function of CD25^bright^ T cells isolated from PLN of diabetic (light symbols) and nondiabetic (bold filled circles) subjects. The linear regression analysis was used to compare the two measurements.](2903fig6){#F6}

We then tested whether the presence of IL-17--producing CD4^+^ T cells in vivo within the PLN correlates with the suppressive capacity of the sorted CD25^bright^ T cells. Linear regression analysis revealed that a higher frequency of IL-17--producing CD4^+^ T cells residing in the PLN was correlated with a lower/absent Treg suppressive function (*R*^2^ = 0.40; *P* = 0.01) ([Fig. 6*B*](#F6){ref-type="fig"}). These data are suggestive of an inverse correlation between Th17 immunity and the Treg-mediated regulatory activity in the target organ of long-term diabetic individuals.

DISCUSSION {#s19}
==========

To what extent proinflammatory Th17 cells and defects in Treg-mediated regulation contribute to the development of type 1 diabetes in humans is highly debated. Here we show that the PLNs of patients with type 1 diabetes, unlike their PB, have an altered immune status due to the expansion of Th17 cells and the presence of CD25^bright^ T cells epigenetically imprinted to have a regulatory activity but which lack a proper function.

Increased Th17 cells in the PB of children with diabetes has been recently reported ([@B8]), and Tan and colleagues ([@B9]) have demonstrated that these circulating IL-17--producing T cells may reside mainly within the CD4^+^CD45RA^−^CD25^int^FOXP3^low^ cells. Although expressing FOXP3, this latter cell subset does not have suppressive activity, but rather, it has a helper function and contains proinflammatory cytokine-producing cells ([@B40],[@B41]). Our data demonstrate that the expansion of Th17 immunity is also present in the target organ of patients with long-term diabetes. However, this was not due to a higher number of CD4^+^CD45RA^−^CD25^int^FOXP3^low^ T cells, which were as frequent as those in nondiabetic donors ([Supplementary Fig. 6](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0090/-/DC1)). Contrary to what has been published ([@B8],[@B9]), we did not find signs of excessive Th17 immunity in the circulating CD4^+^ T cells of type 1 diabetic patients, and this may be because the individuals in our patient population had the disease for an average of 26 years. One could speculate that Th17 cells circulate early after disease manifestation but tend to accumulate in the target organ once the disease is established.

The TSDR is an exclusive marker for thymic-derived FOXP3^+^ Tregs, and previous work has demonstrated that it correlates well with flow cytometry data in determining the Treg frequency in the PB of healthy donors ([@B16]). We confirmed the presence of such a correlation in the PB of healthy control subjects and diabetic patients. Unexpectedly, the Treg frequency in the PLNs of both diabetic and nondiabetic donors, as detected by TSDR, was higher than that detected by FACS. Thus, some of the cells epigenetically imprinted to be FOXP3^+^ Tregs lose their FOXP3 expression within the PLN, and these new findings are currently under investigation.

Another unexpected finding of our study was that CD25^bright^ T cells completely demethylated at the *FOXP3* locus have an impaired regulatory activity only in the PLNs of patients with type 1 diabetes. The crucial question is why cells that are epigenetically imprinted to be regulatory do not function as such, and why this occurs only in diabetic patients and, specifically, in their PLNs. Firstly, post-transcriptional modification of the gene expressing FOXP3 may occur, leading to reduced or unstable FOXP3 expression. Secondly, there may be a FOXP3-stabilizing factor that is reduced in the PLN Tregs. Alternatively, other molecules fundamental for Treg function and signature may be defective within the PLN CD25^bright^ T cells of diabetic patients. Unfortunately, the limited number of cells obtained from our samples was an obstacle to such an extensive analysis. Finally, important environmental factors, such as cytokines and/or chemokines, may also prevent the Tregs from being functionally fit only in diabetic subjects.

We have shown that the key features of the PLN of diabetic subjects are *1*) an unbalanced Treg/Th17 cell ratio; *2*) increased IL-17--producing CD4^+^ T cells in response to diabetes-related antigens; and *3*) the presence of CD25^bright^ T cells epigenetically imprinted to be Tregs but which overall are reduced in FOXP3 expression and have a defective suppressive activity. We know that *1*) IL-17 has an apoptotic activity on human pancreatic β-cells ([@B8]) and *2*) pathogenic Th17 responses in mice are restrained by Tregs via FOXP3 binding to the phosphorylated form of the signal transducers and activators of transcription 3 (STAT3) ([@B42],[@B43]). Thus, one could speculate that certain Tregs in diabetic patients, for still unknown reasons, turn off FOXP3 expression once they migrate to the pancreas, leading to defective control of Th17 cells, which expand and cause the destruction of the pancreas by releasing IL-17.

We recognize that the current study has some limitations. First, the type 1 diabetic patients had an average disease duration of 26 years. However, we believe that this does not reduce the significance of our results because it was previously found that PLNs of long-term type 1 diabetic subjects, and not of type 2 diabetic patients or nondiabetic donors, harbor insulin-specific T cells ([@B44]), demonstrating the presence of effector T cells in the target organ of type 1 diabetic individuals years after onset. A recent study showed that insulin-producing β-cells are still present in patients who have had diabetes for more than 50 years ([@B45]), and these cells can represent an important antigen-reservoir, drawing inflammatory cells to the pancreas and PLNs even years after disease onset. For instance, the diabetic patient T1D024 included in our study (symbol △) had preserved fasting C-peptide levels 9 years after disease onset, and he was one of those donors whose PLN showed IL-17 production upon GAD65 stimulation and displayed a very limited suppressive ability in polyclonal assays. In addition, studies performed in autoimmune murine models suggest that Tregs are still actively and continuously involved in inflammatory regulation after disease development ([@B46],[@B47]).

Second, the age and sex of the various groups of donors were not strictly comparable. Certain recognized (i.e., dialysis for diabetic patients and period in intensive care or cause of death for nondiabetic donors) and nonrecognized characteristics of the donors might also have influenced our results. However, the age and sex of the donors, and their clinical characteristics, had no influence on the Th17-cell and TSDR data (data not shown). In addition, we recently collected PLNs from three living nondiabetic donors who underwent pancreas surgery for chronic pancreatitis or pancreatic pseudocysts. Phenotypical and functional data on Tregs isolated from these PLNs were identical to those generated with PLNs of brain-dead nondiabetic donors, further supporting the fact that our results were not affected by external confounding factors (data not shown). We therefore believe that, given the uniqueness of the patient samples in our hands, this study is informative and provides original data.

Our work puts forward the hypothesis that type 1 diabetic patients have an altered immune balance in their target organ caused by the presence of excessive Th17 immunity and unfit Tregs. It is still unknown whether these findings are related and whether they are a cause or a consequence of the autoimmune disease. However, our data point to the fact that treatments targeted at suppressing Th17 cells and/or refitting Tregs in the target organ may represent a solution for diabetic patients.

This article contains Supplementary Data online at <http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db11-0090/-/DC1>.
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